with 1ϫ10 5 cells/well and allowed to adhere for 2 h at 37°C in a humidified atmosphere containing 5% CO 2 . Then, the medium was replaced with fresh medium, containing LPS (10 mg/ml) and test compounds at indicated concentrations, and the cells were incubated for 24 h.
Determination of NO Production NO production was determined by measuring the accumulation of nitrite ions in the culture supernatant with Griess reagent. 17) Briefly, 50 ml of the supernatant from the 96-well plate were mixed with an equal volume of Griess reagent (0.5% sulfanilamide and 0.05% naphthylene-diamide dihydrochloride in 2.5% H 3 PO 4 ), and the mixture was allowed to stand for 10 min at room temperature. The absorbance at 550 nm was measured using an HTS-7000 microplate reader (Perkin Elmer, Norwalk, CT, U.S.A.). The nitrite concentration in the medium was determined from the calibration curve (Yϭ0.0038XϪ 0.0043, rϭ0.9998) obtained using different concentrations of sodium nitrite (NaNO 2 ) in the culture medium as a standard.
The blank correction was carried out by subtracting the absorbance due to medium only from the absorbance reading of each well.
Determination of Cell Viability Cell viability was assessed by the mitochondrial respiration-dependent MTT reduction method. 18) After sampling of the supernatant for the NO assay, 50 ml of fresh medium containing 0.5 mg/ml of MTT was added to each well and incubated for 2 h at 37°C. Then, the medium was removed and the violet crystals of formazan in the viable cells were dissolved in dimethyl sulfoxide. The absorbance of each well was then read at 550 nm using an HTS-7000 microplate reader.
RESULTS AND DISCUSSION
In order to create a biological profile on the structure-activity relationship of the diterpenes isolated from O. stamineus, 47 highly-oxygenated isopimarane-type and stami-nane-type diterpenes from O. stamineus of Okinawa, Myanmar and Vietnam have been tested for their inhibitory activity against NO production by activated macrophage-like J774.1 cells. L-NMMA (a non selective NOS inhibitor), 19) polymixin B, 20) dexamethasone 21) and CAPE (an inhibitor of nuclear factor kB activation) 22) were used as positive control substances. All the isolated diterpenes displayed significant concentration-dependent inhibition of NO production ( marane-type and staminane-type diterpenes. Careful evaluation of the IC 50 values led to good correlations between structure and activity (Chart 3). The Acetyl Group Question Acetyl Group at C-2: Simple isopimarane-type diterpenes having an acetyl substituent at C-2 exhibited stronger activity. For example, the activities of orthosiphol A (1; IC 50 , 11.5 mM) and F (5; IC 50 , 87.9 mM) and siphonol A (25; IC 50 , 10.8 mM) were more potent than those of orthosiphol K (10; IC 50 , 27.3 mM), 7-O-deacetylorthosiphol B (33; IC 50 , 102 mM) and siphonol C (27; IC 50 , 22.9 mM), respectively. Similarly, diterpenes having an acetyl substituent at C-2 and a hydroxyl substituent at C-3 have more potent activities than those having an acetyl group at C-3 and a hydroxyl group at C-2 (1Ͼ2, 11Ͼ17, 19Ͼ33) . However, the presence of an acetyl group at both C-2 and C-3 led to a decrease in the activity (7Ͻ2, 9Ͻ31) .
Acetyl Group at C-7: The presence of a 7-O-acetyl group is highly important for strong activity. All the tested diterpenes having an acetyl substituent at C-7 showed stronger NO inhibitory activity than those with a hydroxyl group at C-7: 1 (IC 50 , 11.5 mM)Ͼ19 (IC 50 , 35.9 mM), 2 (IC 50 , 20.5 mM)Ͼ33 (IC 50 , 102 mM), 7 (IC 50 , 24.1 mM)Ͼ5 (IC 50 , 59.7 mM), 9 (IC 50 , 66.3 mM)Ͼ8 (IC 50 , 102 mM), 20 (IC 50 , 59.7 mM)Ͼ6 (IC 50 , 145 mM), 25 (IC 50 , 10.8 mM)Ͼ26 (IC 50 , 11.7 mM), 32 (IC 50 , 32.1 mM)Ͼ13 (IC 50 , 35.9 mM). The potent activities of orthosiphols K (10; IC 50 , 11.5 mM), L (11; IC 50 , 25.1 mM) and R (17; IC 50 , 35.7 mM) also could be partly due to the presence of the 7-O-acetyl group. However, for 1,3-dibenzoyl derivatives, the hydroxyl group may be favored at position 7 [14 (IC 50 , 27.7 mM)Ͻ23 (IC 50 , 6.4 mM)].
The Benzoyl Group Question Benzoyl Group at C-3: The diterpenes isolated from this plant species have a maximum of two benzoyl substituents at positions 1 and 11 or at positions 1 and 3. In general, orthosiphols with benzoyl groups at both positions 1 and 3 are highly active, despite the absence of an acetyl substituent at the C-7 position: i.e., 13Ͼ8, 14Ͼ22 (IC 50 , 57.6 mM) and 20, 23Ͼ Ͼ6 (IC 50 , 145 mM),
32Ͼ9.
In the case of orthosiphols with only one benzoyl group, the benzoyl substituent usually occupies the C-1 position, and the activity largely depends upon the presence of the 7-O-acetyl substituent. In the case of isopimarane-type diterpenes with benzoyl groups at both C-1 and C-3, which have either a hydroxyl or a ketone group at C-11, a hydroxyl substituent is more favored than a ketone for improving the activity: the order of the activity is 23Ͼ14Ͼ18Ͼ32Ͼ13.
Benzoyl Group at C-11: The presence of a benzoyl substituent at position 11 is important for the activity. Replacement of the benzoyl group by either a hydroxyl or a ketone group led to significant loss of the activity: the former examples are 1Ͼ22, 2Ͼ21, 5Ͼ6 and 7Ͼ20; the latter examples are 1Ͼ12, 2Ͼ31, 5Ͼ8, 7Ͼ9 and 19Ͼ30. However, for 1,3-dibenzoyl derivatives, the hydroxyl group is favored at positions 7 and 11 (i.e., 14Ͼ32, 23Ͼ13).
The Hydroxyl Group Question Hydroxyl Group at C-6: The activity of orthosiphol P (15; IC 50 , 22.8 mM) was stronger than that of 7-O-deacetylorthosiphol B (33; IC 50 , 102 mM). Thus, the presence of a hydroxyl group at the C-6 position may slightly improve the activity.
Hydroxyl Group at C-12: The activity of diterpenes possessing a hydroxyl group at C-12 was found to be slightly weaker than the corresponding non-substituted one: i.e., 11Ͻ1 and 17Ͻ2.
Hydroxyl Group at C-20: The presence of a hydroxyl group at C-20 slightly improved the activity. For example, siphonols A (25; IC 50 , 10.8 mM) and B (26; IC 50 , 17.3 mM) were more potent than orthosiphols H (7) and F (5), respectively, while siphonol C (27; IC 50 , 22.9 mM) has similar activity to orthosiphol B (2). However, the presence of an acetoxyl group at C-20 led to significant loss of the activity. The decrease in the activity of siphonol D (28; IC 50 , 46.5 mM) compared to that of siphonol B (26) could be attributed to both the presence of an acetoxyl substituent at C-20 and the absence of an acetyl group at C-7.
The Question of Other Structural Modifications 2,3-Secoisopimarane System: The opening of ring A reduces the activity, and all three secoorthosiphols have little inhibitory activity in contrast to orthosiphols with the closed ring system. The activity of the secoisopimaranes are in the order of 35Ͼ37Ͼ36. a,b-Unsaturated Carbonyl Group: Compounds with an a,b-unsaturated carbonyl group at position 3, having a benzoyl group at C-11, also possessed potent activity. For example, orthosiphols D (3; IC 50 , 14.4 mM) and E (4; IC 50 , 34.5 mM) have stronger activities than orthosiphol Y (24; IC 50 , 37.9 mM) with a hydroxyl group at C-11 and orthosiphol Q (16; IC 50 , 63.9 mM) with a ketone group at C-11.
Staminane have more enhanced activity than those without the acetyl group. In contrast to isopimarane-type diterpenes, however, a hydroxyl group at C-2 and an acetyl group at C-3 may have an important role in the enhancement of the activity in simple staminane-type diterpenes. Staminane-type diterpenes with a modified ring C, 41, 42, 45, 46 and 47 showed weak inhibitory activity, while norstaminol C (44) showed the most potent activity (IC 50 , 5.0 mM) in all the diterpenes examined. Thus, the unique structural feature of ring C of norstaminol C (44) might be responsible for the enhancement of the activity.
Cytotoxicity Cell viability in the present experiment was determined by the MTT method to find out whether the decrease in nitrite accumulation was due to cytotoxicity of the diterpenes. As shown in Table 2 , at 200 mM concentration, many diterpenes displayed cytotoxic property, while quite a few diterpenes such as orthosiphols L (11) and X (23), siphonol A (25) and norstaminol C (44) were found to be cytotoxic up to 50 mM in concentration. Thus, a decrease in nitrite accumulation at a higher concentration could be partly due to its cytotoxic nature. However, the IC 50 value of all the diterpenes lies within the non-toxic concentration, suggesting that the inhibition of nitrite accumulation is not due to its cytotoxic properties but to its inhibitory activity on NO production.
CONCLUSION
In the present study, we have demonstrated the NO inhibitory activity of 47 diterpenes isolated from O. stamineus of Indonesia, Okinawa, Myanmar and Vietnam, together with their structure-activity relationships. All the diterpenes displayed significant concentration-dependent inhibition of NO production in macrophage-like J774.1 cells, and their activity varies with regard to its structure. Orthosiphol X (23), siphonol A (25), neoorthosiphol B (41) and norstaminol C (44) showed the most potent activity among 1,3-dibenzoyl substituted isopimarane-type, 1,11-dibenzoyl substituted isopimarane type, simple staminane-type and ring C modified staimnane-type diterpenes, respectively. Based on the structure-activity relationship study, it has been concluded that the presence of acetyl groups at C-2 and C-7 and a benzoyl group at C-11 plays a significant role in the stronger activity in isopimarane-type diterpenes. The presence of a hydroxyl group at C-6 and C-20 increases the activity, while a hydroxyl group at C-12 slightly reduces the activity. Similarly, the presence of a benzoyl group at C-3 also increased activity. Secoorthosiphols are less active than closed ring diterpenes. Staminane-type diterpenes with a modified ring C system are in general less active than normal staminans.
The diterpenes isolated from this plant species have been shown to exhibit a suppressive effect on contractile responses in rat thoracic aorta 23) and inhibitory activity against the inflammation induced by a tumor promoter, 12-O-tetradecanoylphorbol-13-acetate (TPA), on mouse ears. 24) The NO inhibitory activity in endotoxin-activated macrophages by the diterpenes further verifies the anti-inflammatory utility of O. stamineus.
